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IYTERIOIR RALLISTIC EFFECTS OF WUN FROSION

Abstract

The prlmary cause of loss of velocity in worn
artillery tubes is the decrease of engraving resistance

in the early stages of projectile motion. Oertain re-

sults of this decrease of enizraving resistance, which
is not aocounted for in the present interior ballistic

table,, are of ImtereSt in connec`ion with problems en-

coiintered in amnmunition calibration, rifling rlesign Frd

related interior ballistic problems.

P The equations which serve as the basis of the present

interior ballistic ttbles for.mnulti-perforated powder are

modified heri~in to account for arbitrary engraving rasist-

aIn e "pattexns". From empirical dataestimztes are made

of the engraving resistance patterns for a particular

type of weapon. Using these patterns and 'te modified

equation, Interior ballistic traýectories are computed by

numnerioal' Integration mder oonditiorn designed to in-

vestigate certain effeota of the engraving resis tance and

its interaction with other interior ballistic variables.

Tte ongraving resistwioe encountered in short dis-

tances from the start bf projectile travel is investiqated

with respct to its effect on muzzle v*locity. Informa-

tion relative to te effect of seating of rotating bands,

at wirious positions of the band, is deducsi from the

above inve5tixations. Chhaies of calibratlon of ru~unition

as ia result of differences of porler qjicknmss, cartridge



c;ise crimp and shell weight are computed for varioiJs en-
,rev.ng resistance patterns which are intended to represent

tubes at 7arious stages of wear. In particular, the lin-
earity of these changes of calibration melative to a
ne;tsure of tube e-o3ioTn is investigptod sinoo this, is a,

-,r,,A]e• of critical importance in designing aorunition oal-

A !'r1tirn proerams.

Yodifications of rifling desiq, indieted by the com-
•:2tktions are suggetsed.

BEST AVAILABLE COPY
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ntr odu ti on

Statement of Problem

The primary problem of the field of interior hallis-

tics is the prediction of te interior ballistic tra-

jectory, i.e. the velocity and position of the pro.ectile

and the ma,-,nitude of the pressure of the powder vas as a

function of time during t)e time that the projectile is

in the un. The interior ballistic irajectory has obvious

uses in the design of weapons, amyruyiition, propellants and

In the testing of ammunition.

Many difficulties in the theoretical determination of

tle interior ballistic trajectory arise from the extremes

of temperature., pressure and acceleration encountereO in

gun firings. Little or no reliable data is available, for

e.xample, on such items as the heat lose durinF firing, the

frictional force 'encountered by the projectile, or the forces

encountered by the projectile as it begins to move and

encounters the lands. Although the knowledge of mny other

important factors iv now fer more extensive then ever be-

lore, it can hardly be regarded as entirely satisfactory.

The oompleto knowledge of these factors, however, if

it were attinable, would oertainly not solve the pro-

b.les of the interior balliatician. The calculation of

interior ballistic -traectories aocour-c.in, for the mul-

titude at variables that ex*st would be a complicated

task. the differential equations obtained oan be solved

only by nvurieal integr•tion. The solution of these
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rs t-,-s ! in', a, i" rt#t- to oc cu wou Id Pe &n im-

These difficulties are handled, in .oactice, by appro-

priate chanv:es of variables designed to elimimnte certain

orarnmeters and, In the case of some rather poorly known

oar-rreters, by the asnignment of universal, thou4h arbitrary,

values. By thnose levices, the number of pra meters is

suaf i.elintly reduced to permit tabulation of a relati vely

small numher of interior ballistic trajectories which are

representative of all firing conditions that mar be ex-

peoted. Phib tabulation is then availsble for use in

design or experimental work as mentinned previously.

This thesis is a coneideration of one of the -ara-

n',-rs to -'hich it is oustomary to assirn an arbitrary

e., This parameter is the resistance encountered by

!he projectile it the first few inches of travel. Dtwing

this initial period of tkavel, the rot-ating band of the pro-

Jecttile ncounters the lands of the rifling and is On- 4I

.ýravwd by them. Large forces will, therefore, oppose

iotion of the projectile and, as will be seen later, these

forces seriouvly affect the ombustion of the powder. The
variations of these forces, Which occur as the resiult a
erosion of the lands by firing, will be shown t be a

major factor in the variation of velocity levels between
different gne of the &a= typ or in a given •An under
different conditions of erosion.

This engraving resistance is accounted for in the

current interior ballistic tables by the use of an initial

resistance which must be overeowe before mot ion of the

projectile begins. These tables have been developed usi"

ftkft 1



one ni n:0 r) fi xen l wiii:e of the InIttal resiF tann-, which4I Iýa u~-" 6eXIz %lY t ,ýra,"U wt lfu.1n Uli LC
.jectile travel. In 1isiwn the table, no variatiro of the

initial resistance is permitted, either to account for
magnitude or revion of opplioation. The reasons for this
_,nre snund iini obvious. Pirst, prActioally nothing was

}known about the nctual maw.nitude and region of action of

fthe••e forees. Secon'9, the addition of two parameters (i.e.
mavnitude and region of applioation of mgmraving resistance)

w'ould cause such an increase in the volume of the tables

as to make their preparation and use very difficult.

The question as to just what effects the introduction
of this engraving resistance might bav',, . oever, is an

enticing one. Many eftecte have been okerved in actual
firings which appear to find a ready explanation in the

vicissitudes of the enpraving resistance. These effects

will be discussed in detail/later but it is worth noting
at this time that among the phenomena which are attribut-

able largely to changes of engraving resistnce are (1)

the loss of velocity in a worn gun (2) the decrease of

velocity dispersion in a czn run (3) the chanTe of relat-

ive velocity levels of ammunition between firings in new
and worn gims (4) the absence of 3ertain "tube condition-

ing" effeots on velocity in worn guns.

The purpose of this thesis is to investigate the

theoretical effects of engraving resistance in a selected

weapon for which considerable experimental data is avail-

able. An attempt will be made to estimate the magnitude

and region of aation of the engraving resiatanee from

pbhysial considerations and from the observed effects

which are believed to be largely attributed to the re-
sistance. Using the values so eatimatedother factors,

more difficult to determine experiam tally,a y then be

compaAed tbewotioally. It is anticipated tbat, if
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5ue e~sp rp't, I ts iiay be, of vali up ~In eo (iesi n of

t!.e ruIngcf a ;P.earori ýzid in, the specification nf 'nuch

':ia1 ies m~s tl:e limrits of quickness of powders :'or use in a

'a pon.

The method employed in adding the fac'%or of erurraying

oil resirtance to calculations .of traj,:ctorie8 will be the

Firrple and strai7Yt forward one of subtractinp fre force

noC -noaravinv fr'%m the accel~eratirr force in the numerical

int'- -ration of the equation of motion. This scheme iF

eT ~liyed without claim of its beinp, either novel or clever.

It hk-j un.questio'naby been sriven consideration by many per-

scnns c'ne:-xnce with the field of interior ballistics but

-t ba, to 'he limits of knowledge of the author,, been

.9l~orr employed. In Anrt, 9t least, this mny be explained

bY the fact that until the roecent war many of the serious

effpcts of engraving resistance were not recognised, or were

less- vonsectencebecaise of tke less strinc:eflt require-

'z h,,.ced4 on ammunition. This method shows promise of

p.rovidirng an insi'7,ht to certain interior ballistic phenomena

vri'rch, at presen-t, are of interest in conjunction with the

2CIIlibration of narwmuition.

Ballis tic Terminology

The purpose of this section is to -introduce the reader

,unfamniliar with the field of interior ballistics to certain

terms which are peculiar to this field.

Figure 1 (a) rives a cutaway view of a typical complete

round of ammunition. The roatn band is maed of copper

or ýzil3ing metal and serves the dual purpose of minimising

the escape of gas ftring firing, and imparting rotational

velocity to the projectile. An important aspect of its

býehavior in cori;ection wNith this study is theenrvg
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I i Q in -i 01, W-' S~~~ irw !f t~r rotatini, ba~ry r
C ,".ir'I'lee r ' ... n itFý in'-er ff-r- ' -0 ne, c ter fcicp r)r Ir:e

!hfnd se&t of t1-.. may h, seen to rnv'ý 3 pro-

nnunepd effect on t~e mrr.n 4.tude ,f" the ornravin- re,;istance.

Ohe cartrid-;e case is fastened to the projectile to

,n t it'ite hsnAlnnii o' tI:p round priar to firing, by means

ýf crimping it at tne positior of the crimpirC grocves of
tn- projectile

The powder chart is contained in the c-rtrii-e case.
Tine space cntained in the cartritde cane -ith the pro-

?.e'ile in place is referred to as the 1owder chamber.
-s:ýn.e term is applied to the portion of the -rvn witch

hou:qs the cartridge case, however, the term volume of

the Dowder chamber will always refer specifically to

1:e volume in the cartridge case in this discussion. An
end view of a multi-perforated powder irain is shown in

Piizure I (b). The least distance between the nerforations

of the zrain specifies its web thickness. This type of

grain is kno". as a pro -ressive burnling grain' because the

surface of the grain increases as the burning proceeds
until the point of slivering is reached. The term quick-

ness is defined specifically in certain interior ballis-

tic tables, but is frequently wsed, rather loosely, to de-

note the relative rate at which powders differing in di-
mensions or chemical composition would release energy

under identical conditions. The burning rate of a powder

is the linear rate of burning of a surfaoe of the pc-der

under standard press1re.

Figure 1 (c) shows a typical cross section of a gun
or s;= tube showing the r•fling. The recesses are called

amove.s and the projections lands. The lands spiral
around the bare or inner face of the gun to impart Totat.%on
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* ?f prr,, ectt. iI. t ! rfito -f tr,js pira] l ring, is #nroted

:v the twist rr pitch of rnflin.,,I'sch ,ay be specl -eI in
e Thor calit,'rs per revolution (',her° caliber is th.-

".r,-eter of the horrelet -as -;Vown in Ftiure 1 (a)), or in

'1e!-rees referrir.n to the :lope of a plane development of
the lfnds relative to the gm axis. The riflirw may be

either of unifoCrm or progressive twist. The latter, 'rather

tm•.rorn'n in Amerle..an arrillery, serves to reduce and shift

the Doenik of rotational ac elera.icjn which in the case of

•r ;!ori twist onirnrides with the peak of translptional
•.c*., leration.

Php YhnI':ber of the qi1:n is, of course, smorth, since

t i!%- -orticn hrvwses the cartridge case Autin• firing. The

- er tapers down to A region immediately forward of the

: ,.'[tvn of the rotating bond when the round is inserted
ir fi'•in.7 position. At this region, knows as the

of rifling, the rifling begins. The lands do not assume
'i11 depnt at the origin of rifling but gradually reach
fbll d#-th ty virtue of a taper of gers-rally of about 9
re -rreo to t:-e a'is of the tube. Erosion of he! gmw, that

Is t-e re-oval of metal from the bore by The friction and

h1ot gsses durling iring, is greatest at the origin of
rifling.

The term airrunition lot is apDlied to a group of items

either complete rounds, i.e. the assembled round ready fbr

firing, or its components which were desinted with the

samne lot number by their manufacturer. Requirements Im-

rr:-sed on the production of lots of cmplete rounds give

reasonaele assurance that the lots are homoren us in their

interior and exterior ballistic bobbavicr.
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i iiq'ii i**l *~

The int-ri )r bplliz3, iC tables for use wit,• multi-
rne:-':rated :2ýcders w'lch ý.,ve nten Hdopted by the Ord-

nnr,'r Depnrt, ort- nre those eontatned in Ordnance Depart-

-"nt Tcumnt N'. POq20 . The equati-ns which serve as

>.e Msis e! ,..t . ill bp 11 :'' u.sed in the follow-

":< seit:,ns. The frn.amen';tl equatirns required for soli>-

".-• ... -t-, of the pro ret-ie are t)o. of (1)

rnnrni:..- rate ind (3) energy.

;ranulation Func t ion

T.he -tranulation function use6 in Penrett's Tables

7rlriance Deprtment Document No. 203) eTpresses the

::',cin of the charge burnied as a fTnotioPr of the frac-

" th.e web burned. This function was determined froy.

• 'tz.: c.il considerations of the standard multi-.rprfor-

This metho& of determiraion of the granulation func-

tion necessitates the assumption that layers of equal

,ienth a-'e burned from1 all surfaces in equal time intervals

and that nll grains are of the same shape. The latter

assumption is sound inasmuch as little variation in di-

mensions is found between grains of a charge. The former

apparently is not to- well met because of the tendency f/

for more rapid burning on the inner surfaces of the perfor-

ations than on the outer grain surfaoe. This phenomenon,
w!hich has been observed on partially burned powder grains,

is attributed to either the higher pressues existing in
:he Derforations di-ing burning,, or the erosion of the

•rairn b y'as escaping from the perforations Auring burn-

ing or both. h manner in whi& the table art- used,
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)V, V,. : r,, : .I m ;V ,,I1rr ze 1: ' ef.,' of the f',• 111r- of

. z ss:pI,-:, of equa] tuvI,u-rng ty asvi.,-nln, to 01.;e ch.rr~e

ni effective quiknes.s empirically determired unler fir-

tr- conditions nprrox .matlfnl those desirad.

Thp rat of burnin, of l-be txoler is ensumed to be

v tl'P -i,:ati'tfl

dz =~

,•. Z = f'raction of web burned

t -inn rate constant

F= pres.-,ure of powder gas

n = burin"t1 rp.te exponent

H = web thickreess

Th h- for- of the burning rate eqati•cn, viich is

com•t on to procticR1 ly a11 interior ballistic systems, is

Mttributed to Vielile (18932)y nd Is i a(e-

Rm.nt witl experimental data. T only value in this ex-

rorsin1rn of interest i•t the moment is that of the burningz

rwie exponent. This Ivali was, at the tie of the vrei ra-

"*ion of Bennett's Tabics, mot generally accepted as 2/5

!,!thou,-h, as mentioned by gannett, the evidence was far

froim eonclusive. Mort recet exprimental dsta(3} In-

4c1atps that a s*oewhat hipber value, about .85, is more

reprasentative of presenlt P0Fders.

&iergy Nuat Ion

This exression, wI'ich equates the energy released

*y the ccebumtion to that taken up by varloin processes

ti
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i IT t ,',n. is t. sour • of m , t not -,I , -
i'1~tL'Zb. f~4 In. in i r~or bNdI.A Ic ?rr v.

Crn. z (2 t:"ruL tes and consi, 4 rs ten vorcr-se! '','ich

absorb the ee'-y o•" oorusi'n as folio-s: (1) k4n-tic

e- :'y of trnl-.,.,a t(Ior f tiei irojctiler (2) kinetic energy
4' rotationr nf t,:e vr:,oril' (3) ener'v yf motion of the

m-',•, r o ' ..... .' . * .•"s (4) e'nergy of !Toti n of -the

.•, •,ili- ! z. of 4' -un (5) work of oversitrainr e'xterior

- s....oo pric orr-v-.rp (6) aner.gy of motion of rir akI-r of

t}' projecile (7) ,"nrk of friction bot-eepn t}.I projectile

,nd' tre wt:n (R) .'ork of engraving fre t chatine band (q)

!-ea lo.F to projectile ,nd -tun and energy loss by escapage

of oo'-.er ,&as pst the projectile (10) inCernal energy of

t':eP ro,,-e,r -as.

It-m (1) and (10) are of the ;ratesPt importance
Vr. t_,e v'Oos!tIo of energy, and most invostit.stions of

I.•tericr ballistics are b.ised on squaticri oxpr-s-inr. qll

ten terms r<.iR .ve t~o these two as nearly as possible.

Thus, 'qnnett's equations assume adiabatic 1,h-ivior of the

povd-or -as to acnoi-nt for item (10), and intrc',;ce .m effect-

ive projectile mass to account for all other items.i This

system accounts well for all processes except item (5),

(6) and (8), thieh are small mnd item (9), h. ich is not

necessarily small. At present, the heat loss is considered

to be roughly nccounted for in Bennett's equation t.. the

use of a ratio of specific beats xomenwht larger than the

actual value for po"9er gas. This method of handlinv the

heat 2oas is Justifiable from the vie-point of eypediency

because too little is knon :abcut the actual heat loss to

Justify the use of any othelform.

It shouldr.be apparent at this point, that in 1te use

of interior b'llistic tables4 the normal vrocebd're is not
• •,2: - I

U
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r-ll Ff, onflAt Io'n fp P-o1.nm t lt,!7r, POs tiearq y. mesposti)-1e, h

~.ir1 ocn~ition~. That. i, F; exml, oettri&

T.Jov It v 07rY ctNpý~ rt R weapon urier ertanpove3'oi

'lit onse t'riuar first s;t too, pt to f InA Ahe. reqult*, of

M ~ 'irtcnl3 res3ults,: te may '*on evalbate the 'pars-

'''ith, in UlhrP theorptdcal :attecik, would- he VP ~i-VOn

ýx' -'vnt for the &Fm ge -from the act-balto- the pr or
~ e-~i 1jon, h The ~iy omrue te avxpeoted re a-01t

v Rr irve'mted for, Rh asre rsc tm sha~

Pi' c -Ai nc.9 then, vvith thbe klevelopnwntoT -Bennet~t'li

<'n1' .v n i~tor unie~r the assimrptiov, of' adiabatic be *- ':

"'<'r 9ip tEww'lo~r x s the enerw~ i~mnivi the~i,-,-9

..,mniy te ctliwn to be

"-1 - r- P is tile g'as preesure

ILR is th e free voluine of the powlr scas

k is the ratio of the opecific heats of the

Spxvrssinsg the free volume as thef total vOlume Of 06e 4o

1131 Rmbaran A the portion of the t~cvre thr(o'*' wbich the

px-oJqctile has travelled, mimas the "vouwe ooeupieA byW'u

unburn"!d :Do"P~r anA ~tbe co-vq'luwe of Ite- vowrler gme, mid

tokI~in, 'tile co-voluwe, of the pbw'der gss as 3/2-**e v-olv

(if t-.he po'"dor burnepd, ttv eq~ttion~ for A% bec!Moc
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3 C G(z) z
L - s C' -C [L-G(z)] " • -3(

where CW is the chamber volume

S A.s a travel parameter such that the' total

volume behind the projectile is S C';
thus S-1 at the start of travel

c is tbe'oharge weight

6 is the specific grovity of the solid powder

W is the density of water

G(z) is the granulation function

Defining A y W

and substituting forA , (1) becomes

JR FC S-a (1 0 (Z (2)

Bennett then Ijtroduces the reduced pro Jectile weight,

P' defined as the weight of the pro jeotile plus one-thirxd

the weight of the powder oherge. It is readily shown that

this reduced weight will aecoumt for items (1) and (3) of

the energy aboorptim if i powder Ms and umburnd powder
are assquI1 to be uniformly distributed through the voluim

behind the pojeetile at all times. Using this reduced

wmight, and introducing the faetor asth G~ooistant or

proportlomality required to take aeooimt of all other energy

losses, the effeetive kinetic enerjy, Ie then became.
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re r0 g

%hen denoting the energy liberated by combustion per

unit weight of charge by n', or the total energy liberated

at any instant by n'c G(z), the energy equation moy be
written

n'c G(z) .9 + E

S(4)

"At this point, the pressure is written as

1, L P' dv
toi

"W'here L is the length such that equals the area of the

bore, and ro 2 is assumed to be the amwn as the correspond-

inr value in equation (3). It ahouli be noted that the
definitions of S and L imply the relation,,

U!
l (• 15)

"•_ere u is the displaoment of fhe projectile from tie rest
positionn.

Now,# to reduce the number of parameters, a mew in-
dependent variable will be intrvduced. ThIs is done by

first defining
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ane 112

n (6)

0

-here n is a stan(ar4 value of specific energy of the

0

powder. The variable D, called the reduced time, is now le-

":i•=.ne, usinK t to Opnote time:

Fr• (5) and (6)

du Lds r ds

and, since

dv r 2  d's

the new expression for the pressure, called reduced pressure,

becomes

S in' ( n (e)

.,Substituting (8) and (7) in the energy *quation (1gives
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16

II

n'cG(z) of = a a od..)2  +

01 0d 9 2

or

n'(k-.1)WbG(Z) = 28 sA (1t-0-Y + ki- J.de) (9)

Bennett assigns the value 1.3 to k and 1.25x106

ft lbs./ib. to n ' and, replacing 6 and W by their known
0.

"values, • otains the energy equation

162,400 a G(z) (s - .6326 .3166 G(z) + .15(4)

(10)

The burning rate equation of the previous section, ex-

nre-ýTd in terms of the new variable #7, becomes, using

e9fzations (6) and (8)

dz b brL d/2 1/6 2/ý

This is normally written as

dz doe/3

in which q is the quickness as used in Bennett's fablos.

Tabulation.

The energy equation above, the burning rate equation,

and the granulation function form. a set of equations



dBexpressing S, and in termm of the pmrameters q and

6 and the independent variable 9. Th•sl, by numerical

inteiration of the three equatiorm, the displac rrint, velocity

&nd pressure may be detjrm4r d as funotions of tine. These

vRlllen, in .te reeuced units, are tabulated in 0.T).T.

No. 2h>9 for rfrresentalyve, vwclurs of the parnm, ter3.

These IntegrtitA-1- were perforwed using an initial

valuef of ALS car!-'ponrina, to about 2500 lb./sq.in. This

"shot start* pressure. was considered tr, account, in part

at least, for the engraving resirtanco of the rotating band

which cannot be reasonably acoounted for by the factor

1__ used for so many of the other effects.
r t

0

Modified Interior Ballistic Nquationu

The distinction beoten engravin resistance and

frictional bore resistance, as =%* hrein, should be re-

called at this point. The latcer seems to be reasonably

well taken into aceoe~t, in the revious theory, by the

multiplioation of the projectile weight by a factor slight-

ly larger than one. This Wooedie implies tiut the

frictional resistance Is ]eportional to the acceleration

which, in a weapo havb* u2ifftu rifling twist, is rough-

ly equivalent to assuming a coefticimt of friction in-

dependent of velocity. Avide from any consideration of

the ad*e•aoy of a constant oceffiilent of friction, this

method permits an empirioal evaluation of the frictional

resistu.e, since the factor ro 0s so evaluated, amd the

frictional energy losses are both small and reasonably

constant In any individual tube. The iagnitude of the
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frictional rpsirtmnce is large only in regions in ,-?iec it

h~s no apprecij hle effect on the combustion of the porder.

On the other hand, engraving resistance always occurs

S1.rly in the projectile travel and, in this region, can have
large effects on the combustion of the powder. Whereas the

energy expended in overcoming engraving forces is trivial

r-lntive to the mrz~lp energy of Ihe projectile, the delay

caused by engraving may so affect ths combustion of the

S-owder as to clranne the energy delivered to the projeotile
Sby -more than ten percent. Since both the rgnitude and

re -ion of action of ti•e engraving forces are seriously

affected by gun erosion, these forces are, obviously, not
well accounted for in the piecedirr theory, althouh the

frictional resistance does appear to be adequately handled.

The energy and burning rate equations of Bennett will

n-1- be modified so as to permit the introduction of an en-
Rraviný- resistance of arbitrary magnitude operating over

an arbitrary reinn. This may be readily done by first

rewriting eqiatton (4) as

n'c((z)-( P)c' rs - G(I + ) ] + i PV2  +

AP (FP u) (11)

where the new values introduced are

A = Area of bore
PFf - pressure equivalent to engraving resistance

A-F (Pf, u) A rp du * work of engraving
J

0
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* IJin Ftaerie, clian.;er, vAr~iables as bef-or- I

n' c3-- 
+

no' 2 f

0-r, since,

AJ p du A. ds =ALiF(I-f, S) =C'P(pf S)

01

n (k-l )WAG(Z) =(d~ + n- t (1 + G(zMf +

k- d ) P 4 (P

* Pf' ...

then
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" k Wto)"T - (1 + Z)] + k

b 2

~ d)+2.(Pf' ) (12)

The expression above correspon(Is to the reduced

gasd 'S
t-tai gas pressure rich has the domponents - ,, the re-

di.ce- pressure accelerating the projectile, and P 'the re-f

' •,_ce d pressure required to overcome engraving resistance.

The rate of burning will, of course, be -overned by the

'Otal ,ras pressure and, in the present te~rinology, become

2n
dz q (d Is? /dd

Equations (12) and (13), together with the granulation

: -nction, provide a means of accounting for the engraving
_eslst-nce in conutation of the interior ballistic tra-

jectory, assuming that P is known as a function of u, the
f

pr.jectile travel. A discussio of the evaluation of Pf

is contained in the following section.

Other factors than change of+ engraving resistance

accompany tube erosion. The increase of bore diameter

permits the escape of a greater quantity of powder gas

and, in addition, increases the volume of the bore. Both

of these effects tend to lower the velocity. A comparison (

of the relative magnitudes of these effects by the British

indicates that the corvbined effects of gas escape and vole
incrense account for about one-third of the total velocity

loss in their 3.7* gun, 'the remaining two-thirds being
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caused by inns~ of enr-ravin,ý resistance.. The irte-rnal con-

tours of the 7ulns on which t)-is is based shor !-r-nter en-

laroernent by a fsctor of nesrly two than do repres-ntativp

U~. S. 90mir xuns (for examrple, see th~e star wrve, curve of

qOmir V1, tube No.~ 156 in reference 5). This indicates

strroc ly that the effect of eng~raving resistance is the
,!e d orat cne f .- locity loss in the U. S. 90mm gun.

nth e fol-ing sections, comrputations of the effect of en-

zravini- resistance are made considering it as the only

cause of' velocity loss. AlthouiwhJ this is obv.L-ously not true

it ap~ears'to be a good enoiugh, apDroxitration to in' 4 icate

the major trends andi effects which will be sou-1-t.

Tn the computations reported in the followirv! sect ions
the process of numerical intetgration ras carried out in

steos of .0005 units of the reduced tizre throvghou-ý the
t rJectories. ?or convenience in computation trapezoidal

*integration was used rather than one of the quadrature

forrrulap whic-17 account for higher order differences. With

the small. steps 'employedv, the trapezoi~al methcr,( was con-
si'iered sufficiently accurate. As a test of this,a com-

narison was made of the velocity obtained by the trapezridal

method with that obtained using Siupsons One-Third Rule

which accounts for-second order differences. The greatest

difference between the two methods was less than one foot

per second throumhout the trajectory in -%e computation

which led to the result tabulated as A-12 in the Summary

of Computations.
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Application

The modified interior bdllistic equations may be

employed to determine the effect of resistance at various

pý,sitions along the bore and the interaction of this effect

with changes of powder quickness, cartridve case crimp
and shell banding. A problem of thIs natire of consider-
atble importance is the estimation of the effect on velocity
of vnriations in cartridg.e case crimp under various con-
'itions of tube erosion (i.e. wider various conaitions of

enrtraving resistance.)

This particular problem is of interest in the cali-
bration of ammnmition forthe 90am r m. In current calibra-

tio'n firings at Aberdeen Proving Grourn, frequent observa-

tin h!as been made of the fact that the cclibration of corn-

ricte round lots, relative to a reference lot (a control
series) vary by large amounts, depending upon the condition
of the tube in which calibration Is performed. These varla-

ti•cns of calil ration are the result of interactions between
the engraving resistance, which varies with the tube con-
lition, and certain properties of the ana ition being

calibrated such as cartridge case orimp, .pvder quickness
and shell banding. Because of this, the calibration of

these lots must be tabulated as a funotion of the tube con-
dition. Actually, the tube condition is most convmiently
indicated for ballistic purposes by the muszle velocity of

a reference complete round lot, and it is relative to this

that the calibration is tabulated.

The calibration of a lot of a=munition in tubes of

all conditions is, of course, impractical. An economical
limit to the number of tube conditions whieih cn be em-

cloyed per lot in an exte•sive calibration pro,•am is two,
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i.e. a reasonably new wsid reasonably worn tube. To 7vo

beyond this would, first, entail considerable exp(nse and,

second, require the Aestruction of s eyoes-ively ]arae

number of tubes and ,imunition in testing. Thus, it is

important to investi'ate methods for predicting the cali-

bration of an airrun•tion lot, wirder any desired condition,

from observation of the calibration at only two reference

velocity levels. Essentially, this becomes a problem of

4eterminio; the linearity of the calibration as a function

o1. the reference velocity level or, since the calibration

Is, in effect, the sum ifrthe effects of powder quickness,

crimp and banding differences between the reference and the

test lots, the problem is the linearity of these effects.

In order to compute the effects of such differences

in tubes of variou• conditions, same knmoledge of the manner

in which the engraving resistance varies from a new to a

worn tube is needed. The following sections summarize the

available data concerning the msgnitude of the engraving

resistance in new tubes.

The engrvving resistance in very worn tubes is known

from bore measurements to be negligible until after a pro-

Jectile travel of several inches. Subsequent calculations

show that if the engraving resistance occurs after a travel

of several Inches it has very little effect on velocity.

The pattern of engraving reslstance in tubes of intermediate

wear will be discussed at a later point in this paper.

Static &igraving• tudles

Tube stresses caused by focing proectiles throuas

the bore mechanically have been studiod recently by Watertem

Arsenal and by the Catholic University of Aweios. (6, 7, 8).
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Ti ege studies, althoujxh conveucted prinarily to provide ina-
formation for use in tube and shell design, have also jrivenl

dafei~ reg~Aring the nmgiitude of the statl* engreving jiress-

ure. Tests haes been =ude in 37mzr, 75arg and 105mu tubes.

All but a few (,f the tests wade at WatertomY were con-

ducted by pushing shell throuq~h the bore wita a pu* rod*
In a few of the tests, the shell was forosil tbroua3I tie

týubp by sinmulnted gas pressure, but this was dove only
aifter the' eng~raving process had be-on completed. Thus all
the static tests of engraving thruwt "ere made without
exzperimental simulation of the effeat of gas presawe.

The results ol-tained by the Catholic University In
m~easurement of axial thrust are summzarized in VM0R Rept.

No. A 442, PS. 47, a3 follows,

"The axial load behaves very irT~gularly,,
depending on the tube. Usually a- saim., whiah
is 110-200 percent of the value tomd after en-
graving, occurs near the ag of ongravit-.'

The pattern of thrust against travel during engravlzw in-
new tubes showed, in general, a rapid end reasonably lUn-6
ear increase during the first ame-tbird at th bend width
and a more gradual increase thereafter exterdM~ia nerly
to the end of engravin.

In eroded tubes the axial tbrvat increased more

slowly with tube travel and did not attain vanses as high
as those in the new tubes. YU regian of enagraving in erod-
Pd tubes apreared to be equal to two or three band widths.

The maximuum thrusts during engraving were little, if Way,

hiqher than those attained after-engluving

I0



BEST AVAILABLE COPY

~~~~The .. ,•.•.',,• , t• _n i :.•thry-st.- Ao•rý,n- --.. rf.,v-

1 ..n r atre "£f i-terest, .ire# t!bev orovi e s. rot-,- !r.4tp of

t he pressure requirel to overcome forrinr resistance !*ur-

ing, firing in a ner tubp. These thrusts ran-'r froir 25,000
to 35,M0" lbs. for the 37ram tuhem , 50,000 to 75,000 1bs.

fr t4.-e 75m- rube an lO0,OOC to 150,000 lbs. tor t~e 105mw

ube.• Correspooý1n½. - r-essures (i.c. chamber preý-ures ¶
eqvvelent -to r•-ese thrusts) are 15,000 to 20,000 p.c.i.

tor the 37mrm tube and 7500 to 15,000 p.s.i, for *he 75 mr

fnd( 105lOmr tutes.

Whereas the prediction of the shade and marnitude of

the engraving resistance-travel curv, for the 90mr tube

from the above information woulO be a rather uncertain
procedure, the shove ir.forration provides the means of

vezrifyina the vsliA.Aty of an approximation of this curve

obt'ined from other sources.

Dynai-ie Sqravinc Sturlies

The difficulties inherent in any attempt to measure

dynamic engraving resistance are obvious. Te projectile

ic in the bore fcr only a few milli-seconds after notion

bhzins. DurinK this time, one must obtain a continuous

record of velocity •nd of pressure on the base of the pro-

jectile, or at least discrete mwasurements of these values

at frequent intervals during initial travel, in order to

have information from which the engravinc, resistance could

be dec.uced. Unusual precision is necess:ry in these

measurements in orderýto. give reasonably accurate estimntes

of the forcing resistance, inasmuch as it is determined

from the ditfferenee of functions of the measured values.

r?
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Despite these Aifficulties, two recent rmorts contain

th, resuIts of dynamic engraving force measuremm nts. One

(9)of these, aFt rman report by Roasmannf, gives curves of

resistance against travel from the start of -motion to- a

considerable distance d'own the bore. Althoust Vis report

does not indicate the weapon for which the curves were made,

tt nppears from the mapnitude of certain measurements to

1e the *'erm~n 88mr run. The curves inficast the eniraving

resistanoe to reach a maximum of about 400 kg/em (5700 psi).

The projectile for the German 88mm gun has a rotatirn band

''f considerably lest cross-sectional area then that of the

American 90me gun. Although this result is of Interest,

it murt be accepted rather conditionally because the reprt

fails to Indicate the mans employed in determining the
pressure at the base of the projectile and, in fact, gives
only a slight description of the instrumentation employed

in other measurements.

T"he other report, prepared by the Breau of Sta•d-

ards,~ contains an excellent account of methods em-

rloyed in instrumentation and reduction of data. This

report covers firings of the 362A1 pro jectile from the
90nra Ml gun. The W62Al projectile has a zotating ban4

identical with that of the 371 projecUtle; however, tfr

Purposes of instrumentation,the taper of the leading edge

of the band was machined d 'to present a square should-

er. Even with this modifloation, the projectil emplo@ed

in this test should give values ef engmraving reseslafe

quite similar to those encouitered with the 371 project-

ile.

The abstract of the Bureau of Stdards report, in

summarizing the results of measurement of barp resistmnoe
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"*T)-e bore frictio.', after •ort- in con-
plate, is small (less than 10,000 Ib). The on-
,raving friction with a m.xinmm value of about
iO0,000 Ibs., is variable from round Ic orunt.
- ------------- 're startin-r pressure is nbout :,000
lb/inf".

Several refznds *Aclch were 4 orced thrcu.•-l t-o bore

cl9chanicallly in thin- pro1'*ai- rnve resistance-travel Dt-
*erns sixilsr to thcse obtainee by "atertc•-- Arsenal :-nd

the Catholic Univorsity of America. in th..t te resistance

after enrrivin-7 was abort one-hali Ms lar-e as that A-ur-

in4 oni.raving. The maximur resistanceF iurinr en-.rsvir.n

in the static tests corresponded in ra.-nitue to those

erlve frzm the ballistic tests.

ZL.ravin-z Resistance Patterns

Figure 2 shows the position of the rotatin.;- ban(I of

the 90wa M71 projectile relative to the riflin;- -hen in
firing position. If one assumed the en-ravinr resirtanoe

met by this rotating band to be proportional tc the volmu•e

of Petal aisDlaoed per unit travel, then the pattern oi en-

graving resistance woulO increase sharply to a maxirur after

a travel of about 0.1' amn would raintain ttis maxinu=

(neglecting the effect of the cannelures) until the band

was almost compl~tely engraved. Such a pattern is, st

least, not inconsistent with the -n-irioal data previously

cited. Por convenience in computation, the ennravinR resist-

ance pattern used was rectanviular in shape and equal in

length to the width of the rotating bend (atout 1.2').

Usin this type of engraving realstance pattern, an
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nttempt was then made to determine the magnitude of the

enraving resistance which, in computation, would profduee

results Pquivnlent to those observed in actual firing, In

regard to velocity drop from new to Vorn tubes. This was
done by selectini a representative firing in a worn tube
(11) and determining from Bennett's Tables the quickness

and velocity parameters required to give tke observed
-elocity and pressure. Using these iprameters, computations
'-re then performed w:ith engraving resistances corresppnd-
• to tabular pressures of 2500, 5000 and 7500 psi.
7h'se results are included in the Summary 6f Computations-
Part A-lines A-3, A-7, A-12 mid appear in Fig. 3 as Curve

The highest value, 7500 psi7, gives.a velocity in-
creese of 123 f/s over the value obtained with no engrav-
InF prtssure. This velocity difference is near, though per-
haps sli;htly under, the value normally observed as the

ronr in velocity between new and worn 9Cr0m tubes. Thus,
fror the standpoint of loss of velocity, a satisfactory
analocrue of the new and worn tube encraving ptterns was
cbtained by using a 7500 psi engraving pressure for one
band width to simulate the new tube and no. engraving pres-
sure to simulate the old tube. The value of the engraving

pressure in the new tube is in good agreement with that

previously cited from the Pitreau of Stuadards firings.(l0)

• All pressures mentioned in connection with interior
basllistic trajectories will, for convenience, be given
in the tabular uznit (see UI1uation 8) used in computation
which is 0.85 times the actual _%ressure. Thns the pres-
sure of 7500 units above is actually 6375 p.s.i.

4



* ''V

BEST AVAILABLE COPY

Muzzle velocity as a finntiorn of startinp pressure,

(a pressure which must be exceede• before motion starts,

but which offers no resistance thereafter), was next com-

*uteri (lines A-1, A-2, A-6 & A-9 in the Sumrary of Com-

pwtations) and is shown as Curve III of Figure 3. Starting

pressure only, as is used in most interiar ballistic tables,

cLinnot serve to siinulate the change of engraving resist-

ance from new to worn tubes, because unreasonably high

pressures would be required to provide the observed velocity

differential. This may be seen by comparing curves II and

i-1 of Fig. 3, from which it aupears that a starting, pres-

sure of 7500 p.s.i. is required to procxe the sare effect

.•ri muzzle velocity as an engraving pressure of only 2C00

A check on the simulated new and old tuý'e resist-

ance patterns was possible by using these to compute the

relative velocity levels of powders of different quickness

in now and old tubes, and comnaring the comnuted values

with values observed in actual firings. Such a firing

test was conducted at Southwestern Proving Ground (12 in

which a ballistically "slow" powder (lot BAJ 15665) was

compared with a ballistically "fast" powder (lot SUN 14653)

in both new and worn tubes. Using the data of this firing

record, the quickness and velocity psrarners (q and r)

were obtained from Bennett' Tables for both the fast and

the slow powders. Intogrations were then performed for

both powders using the new and the worn tube resistanoe

patterns previously adopted. The results of these com-

putations (5oary of Couputations Cl, 04, C5 & 08) show

a change of 18 f/s In the relative velocity levels of the

two powders. That is, ee ,slow powder, which was 15 f/s

hisoer in velocity than the- fast powder in the now tube,



-4^

BEST AVAILABLE COPY

was 3 f/s lower than the fast powder in the worn tube.

In the actual firing, this change of relative velocity
levels was 23 f/s. The computed difference varies from

the observed difference by an amount which is within limits
of the experimental error of the firing. The new nnd worn

itbe .patterns of engraving resistarce thus appear to pro-
vide a satisfactory analogue from' the standpoint of inter-

ac-tion with powders cf varying quickness.

Length of Engraving Region

One method of inspection of artillery shells for
Tefentive (loose) rotating band seating involves the es-
timation of clearance between the band and the band seat
by measurements of external indentations tade on te' ro-

tating band. In connection with this type of irspection,

knowledge of the relative effects on muzzle velocity of

clearance under the band at various positions longitudi-
nally along the band is valuable.

A thorough investigation of this effect would in-

volve the integration of a large number of trajectories

with various combinations of high and low engraving resist-

ance at various positions. Rather than undertake this
sizable task, it was felt that a sufficient insight into
these effects could be obtained from determuirtion of the

effect of various lenrths of engraving. Tte effect of

extending the engraving region an additional band length
was found to be negligible (see eopmtations desirmted

A-9 and A-8 and their relation to A-3 an A-7 respectively).

Therefore, trajectories were integrated with 7500 p.s.i.
engraving preseres beginn•ingat the start of proJeotile

travel and acting over regions up to one band width in

length. These computatio6us1(A-9 through A-12) are the
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The engraving resistance encountered over a sir-

prisingly small travel exerts a large inf'lirce on the

rnuzzlp velocity. Figu're 4 shows that a pressure of

7510( p.s.i. active over only 0.3" of travel caLses on in-

crense in velocity of over 100 f/s above that obtained -ith

no engrving resistance. The engraving resistaiice en-

c'untered in the remaining 0.9" of travel while en-raving

is takinr- rlace accounts for only an additional 20 f/s.

One migh.treason properly, as is shown by subsequent coir-

piUatl1 ons, that the effect of the latter 0.9" of engraving

would be greater if the first 0.3" of encravinxT had n-t al-

ready taken place, howevzr, the fact that the front por-

tion of the rotating band plays a predominant pjrt in de-

termining the muzzle velocity can hardly be disputed. This

is, in fact, in qualitative agreement with a firing program
in which metal was removed from the front, middle, and

rear portions of the band successively. These two sources

of information provide convincing evidence that the measure-

ments of rotatinr band clearance should be made on the

forward part of the band. Another lo&ical inference from
this data is that the prortess of shell banding miffht be

both simplified and improved by designing banding machines

to apply greater pressure to the forward regions than to
the rearward regions of the rotating band.

Cartridge Case Crimp

In order to assess the effects of cartridL-e case

crimp on velocity, a pattern of crimp resistance as a func-

tiodn of projectile travel was required. The length of

effective crimp action was estimated from observation of
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static debulleting operations in -hich 90omm shell were

riechanically pulled out of cartriige cases. In tis

operation the shell are pulled at the rate of 1/4" per

zrinute and the force required to maintain this rate of

pull is recorded. Prom observation of a large number of

debulletings performed in conjunction with current tests

of 90mm of ammunition, it was found that the length of

effective action -as practially independent of the mzaki-

tude of the debulleting force and avera)!ed about 1/,8.

Using this lengtY of action and a constant pressure of

1500 psi (tabular), trajectories were o4 uted for'new

and worn tubes (computations 3-1-iand B-4). Results of

recent firings are available( 1 4) in *"Id' 90r rounds, with

the standard cartridge case crimp, which rives a debullet-"

inr force of ;ýbout 9000 lbs., were compered with uncrimped

rounds in both new and worn tubes. The average differ-

ence of 29 f/s found in the actual firing in the worn

tube compares favorably (within experimbntal error) witch

the computed of 25 f/s for the worn tube. The tabular

pressure corresponding to the debulleting force of 9000

lbs. is only 1100 p.s.i., which ic considerably lower than
the 1500 p.s.i. necessary in computation to give reason-

able results. 'The discrepancy here may be accountable to
the existence of higher debulleting forces under firing

conditions than under the relatively static corditions

imposed by the debulleting machine.

The comparison between the empirical and the computed

values in the new tube *eems, at first sight, to peesent

a discrepancy. The firing data (14) indicates no effect

of crimp in a now tube or, at least, so small an amoutnt

as to be insignifiant. The. computaticns invica'4e the

crimped rounds to fire higher by 12 f/s, an arount which
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Sbould be detectable in ordinary firir~g in thia woapon.
A plausiLble explanation of this lijfferosee will de-velop
In Abe farthur cansid erati on of teinternaotimo of crimp
with tube erosion and therml e.zansica.

Por reasnns previously stated, t*s behavlio of the
orimp effect =mder various aoonlitions of tube erosion was
next investigated. This was lone using the orip resist-
an*e pattern which was found above to os with expari-
mental data in the old tub., ml imposift thin resistenes

on th* engraving resistance, which uas varied to siwalate

different stages of weer.

fte =mnonr In viiob the eagmving resials tcho s
with tube erosion is undoubtedly quite varabla from trba
to tube, and also wmt be atfeeted by ttatw l pae
of the tube Swzing firing. Pan' *,le lf ome t

cause eros ion by re stodl-y 0relt4 x zaa don tha or
medbamioally, thereby elinI*fIaM V=efffeet ar gemo roaiio~i

exilect the bowe rests~m put%= ft ma a faiirly
rootanylauWsr o6=1dm In ff j~tg ,-csm
in long*a erosion 1"afeo Ifak c r~efm Wom

would Gem" P~ef at AWMs1M4 lo f~ at owtM mt

Ingo~~ ~ ~ ~ W 0CWhe ogat w1 ro of nfl-

U18 hm fraw wn a b otm e4.* f m ft
of W8sate as@=bS%4 , 2W O'TOf
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tube. Tberusi expansion of 0.010 (2±c.imz~lyo wbie,, of't=

occurs during the firing c1f 100 MM.i~ C' t

Provide@ a fre, run of 0.04a. Pme rmnw of acvn thu sW

distance will be shown later to have z 4mtbly 2awp efet
on muzzle velocity in now tubes.

Two distinct patterns of engraving resistamm ereT in-

vesti~ated with respect to their Ictemca*c w1.ig=Ap
The firstjAsum~ption 1) was that svaeaftd by puzv =duel-

ca)l erosnion. This pattern, being metwaoUar meaoU
over a region of one band length, simi2aft various ste~p

of erosion by various nagituvA of maero~- ri8larx~m

No account, was taken of tho .Lcmgation of the pat%= w4*h

advancing erosi~on beesme the effect of thin, as pm.wvisl
mentioned, *as insigkfigamt. as Susan. velocity U1
this assumption of engravIng resele @w Is who i.2 Pig. 3,
both for crimp" x s (0M 1) -WA McrIaP4 a~

(Curve II).

lbh other pattern of engaM fat-9 n tgte

(Assuaption 2) wasn that foi'ud by "sf wstto

engraving varying mocwit, mad bepift I& hl MMS

tude of the engraving Maltane I&Mmtlft 010 '&a we
for ths new t-e ~Thi tM C~ VVS- -itt

resulit, for examplo, If the Orgiga of ir'in2ing wal

in shape by erYosion bW 326SVS0VMC M

bore. Mider this mt1WM OOUG M VZbV

with 0~-4 *zkUG ia) dthe (A-32 1h A-IT)

crimping reecnutse at *W~ fp W'MM.S

resv.1ta of thesao0Vf1M we sha !a2 P~S 5 ema G.

2h affeot at erl"as m a t±sua afT tbg va1001i¶
Of to VWIE rmanis plet"W4 In Mig. 7 ter iaý t.-m
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a3sUmPtions of engraving refi'tance patterns. This plot
indicates that the effect of crimp may be largely influeno-
ed by the manner in which tube erosion actually takes

place in a moderately worn tube, but should be farily pre-
dictable in worn tubes. The rapid reversal of direction
of the crimp effect under Assumption 2 in a now tube pro-
vides a stronq suggestion that thermal expansion may
account for the failure to observe any simmificant crimp
effect in actual firings in new tubes. The fact that the

crimp can, under certain conditions, cause a substantial
decrease in velocity, whioh had previously been considered

unlikely, provides a means of explaining the occurrence
of this apparent anomaly in i-ecent firings at Aberdeen.(15)

These resalts indicate that the linearity of crimp
effect with respect to muzzle velocity, which is so desir-

able in calibration, very likely does not exist. The effect
of crimp in a moderately worn tube, using any particular

reference velocity level as an indication of tube erosion,

may have various values, depending on the tube temperature.
Tbe fact that the crimp effect is more predictable in a

worn tube will be mentioned again in the section on rifling
design.

Powder Quiekeer

'fae linearity of the effect of differences in powder

quickness van nert inve..ste4 wing the two types of

engraving resisaetee patterns deseribed in the pre ceeding

section. This us dane usIM t tuiekmes and velocity

pazmmters for 'Itft' m= 'slow' pwdere pieviously umntlcwd
in the emtion oti1.Old bSiavii•t :eltr•"ne Patterns.

Sinee the new end amen tube velocities for rounds having
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vtesc powders had been computed in connection with tks This Document
seotion cn Ingsvirg Resistanoe ]tte-np o•utat Reproduced From

Best Available Copy
for tubes of intermediate wear only n rsqiifred. TheB
two assumed engraving resistance pattses 4 ffer only fcr

tubes ofii era;e4 at wear, therefore, the iuW m " or

tube oomputations were usable under either asawption.

The results of all ocputAtionsa de for thli Vpo.
are included in Part C of the Sun zs7 of coputetione,

nnd are sham graphically in Figure 8. Briefly, fy
computations consisted of determining the velocity level

of rounds with the fast and slc powders under each of thr"e

-on,•Itions corresponding to tubes of Intersediate mw in
alition to the neo and worn tube ooaputatioma pcrvOlue1y
n-rformed. Two of the intaxwdiate coor itics were of the

type of Assumption 1, preemediag section, ad m was af
-the type of Assumption 2.

Figure 8 indicates th4 effeat of differenes of

powder quickness to be reasonably linew• der either

assumption. These assumptions mm bellied to reesen't

two opposing extremes of the possible pattxm of egrav-

ing resistance. Thus, althou•b proof of the linearity in

impossible in the absence of mre exeat kouuledge of tbe

engraving resistanoe, this evlideve g oredence to tho

hypothesis of linearity of the ponder quickness effeot

which is desired in amnultion oalibr0i1ti..

Pro jectile Weigt

The estimation of the oange of wwal. vel ocity

which results from The ebange of roej~tile wee t Is

frequently demired in analysis of bollistic data aid In
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as shom above, decrease only about 10 percent. The use

of a oonstmnt differential coefficlent, regardless of tube

saidition, appears to be entirely reasonble, inasaub as

this value Is only wed for smll. •ev1Btionc fron 2•atS7

oonditions. A.A, *9 valm deduced b7 Ritehoock'e mvItod

is interAedlate between 9e new and worn tube valws, vihi

is ika1 It a, constant valim is to be used.

The shell weight effect, further, Inq be seen to be

linear relative to the ebange of velocity produced by tube

wear, if the effect of quickness is linear in tis mnner.

The retu*ed eqation ontain. the projactile weight on.1

in the burning rate equaton (pge 16), in which it enter
as ono of the factors of the quicknese term. A hEmge in

shell weight is t•h•s relat•d to a hange in quiokness bad

is linear In its effect If the quickness effect Is linear.

Rifling Design

Several aspeotc of the co~ubialdo my already have
suggested to the reader fat th engraving rels tanee

in the early stoWs of proec~tile travel seco~uid for =wy

of i v•rIaU e d voeity level In mounition. All

thmn veles ity variatioms mtribuft to Me Insecuraey of
artilley7 f&aUe ad ereq•o rewf', wa undeslrable in

*ervle. 9w jrft ay pm t mb voiohIn 1ho doslan

-U*Mp f awIftm sa as 9 eliMUMat1on or

Zea. vloelty vetrU@e a *0 2 tW09. A ew

orf te vwltty *ado fteT MuaiLE las*

3120% *31w MW law OMnz *cc v@ etv7 f2oM a am

to a mwk ~. eadat~n, ub&h Se Indicated to be at locall
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ballistic design. These differentials are ordinarily

determined usins a method devised by Hitchcock( 1 6 ) VIch

is based on Bnnett'e Tables. This setbod gives a

differential oei:ficient which exp-esses, for tzwpl@, the

percentage &ange in velocity correaponding to am. percent

change in projectile weight. 2hus, althoug The original

tables do not make any allowazwe for the dmnge of the

effect of weight with erosion, if the two differ~mial

coefficient is used for a new and a vwn g, se c-

tomarily done in practice, the -oeamdi tacitly implies

that the differential efffect is roportioma to tth velo-

city level.

The use of the new and worn tube ongrsvi m.-

ance pattezyw permits thq tooting ;I' the 7rpr"c--1.
of the weight effect to the velocity leval. FW this

pose, computations were made with the sbell welht incesA

by 20 perwemt em decreased by 10 jroent, with both mw

and worn tube engraving resistanee patteI;r (Part !i-ft

of Computations). A com)inison of d•ffoorwTin1 ov.e±L-z't3

obtained in * is rinzr with the on 4*t= mi=d by Hitabooe

method followsl

Ne1ohi of Dmteruzaotion VMte-ential Caffieiant

New Tube Ngravla Fatt --.35

Worn Tube agmving Yattem -. 31

Witcheock -.-33

The 0omputed differentials de'mase from 96 f/i in a

new tube tc 79 f/e in a wain '••be, a a Im th9

ential of cMbout 20 pawcLnt. Beco ef thz oe~~m

ocrmma e f mnsle velocity, the Oiffercntlal ffiemto,
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two-thirds attributmble to los ot #4ngvIn' resistnoe.

Thus, if a tube could be desirnoe so that the engravine

resustnce remined constant, at least near the start of

projectile travel, the primry •coe of velocity loss

would be eliminated.

Next, there ts the/variatIon of velmity cae¢d by
differences of crimp which, if th ennrAvinM recmltaoe

were 0omutant, Would continue to e'Xist but "Idc1 V-sn tý

prediotable and constant. This would eliminate th1

fluctuations of the Crimp effect which appear to rener

ammunition calibration uneertain. Similarly, differences
of velocity which result from differences of poeo.rquiek-

name would be ocnstant, as would differenc's aooowtable

to variations of 15ftatig band seating. These constitute

all the factors whleh esoe tme calibration of = awwmi-

tion lot to vary; bence a almle i•n-ibration should be

sufficient to specify the veloaity behavior o& a lot of

ammimition,4if the engraving resls toiio eo'2. be hold aco-
stant. Nven more destra~ie, asmition lets ovultS be pro-
duoed so that all lots wald haveo the cmo velocity in mny

one weaon. At ]E•e•%t the differmees of velocity be-

tween lots are largely affeted by the weapon urwd and ite

.oondit•en of erolon, teeprafr•'e, ate.

MUi nwinlly li.ed. Is Am sotlon of th feowl-
bility 4C pr*4#MUW tubes Inob1eh *e uianrving roalste
anee res1M entaalmt In Us orAill regimo near the
start at tiavele so e)YlM M to ahleve this Is -oW-
aemk@ tb@ _nmvs S2estms ie noe r neaxiy v o duiring
*9a first feW lWbW of tnavel. A pr@op~a~ of ess.'itlally

WAs sal'e bas beom PevcIeus1y mde by the athr,(5)

an vlT u. Me enly alterntive noth of

RF S T !~AL~F
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maintaining constat.t enrrnvinv: resistance n'ir tfv crIgin

of rifling in urtillery tubes rqzotr.,$ th uta of tube

metal whieb is neither subject to erosion Aurdwn firing

nor to *herinl expansion. The formr method is the mcre

reasnablo.

A rifling desain whichi would eso the engraving to

take place after a few inches of projectile travel, as

proposed by the reference eite*d aboae, J4 quite iimilar
to the riflini which exists in z vorn tube in co for 2
en;raving resistance Is conoee d. Two i=mtiate ob 1etcae

to such a design are apparent. PFret, dhearing of the to-

tating bands and, secon4, low .smle velocit' oaur in w
tubes. It is these tbings which eventually render a no=

ttbe unserviceable. These ob)eetio•s hevo been oontered

in the proposed devip& the first by the ue of a pro-

gressive twist rifling &W Us second by demonstratia lbat,

by eWd'g powder, full service velocKty my be attaimd wil
somewhat les chamber pressure than reulte wiLtb th eon

rifling. One might also reasemebly 2'cet to attain Mrvie

velocity without any increase in wder gre, if t1o

were dealrable, by the u of a pmdar cf mmlor vb.

Two other results of ti>. ;roposed rifli d esign may
be anticipated from its analog to *ie wom tube. Th

dispersion of velocity -ithin a a itio lot is kuom

to be smaller in a won 9 e Om in a mw tubse
This probably happmd,1beoa,.o of the 9l2•iUaimt cf 1,C

effect on velceity of certaln varlables, such ac the ro-
tating band seatlg, with O deerese f:ýjvn viag re-

sistaneeo In currTnt oalibrat-on flrivs in dw 90mSC

the stardarO ieviation c, vel BElty wAiln ammition lots

fnmy 4 /o In VMXtubesa 72 red 4lt 7, -/O ln

tubea. Another izmdostraIble peei~fty of "4210p== c
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tubes, the conditioning e•ffct of noweer of one chemical

composition on sabsequtnt rounds of another c&eilcal or-o
position, disappears in worn tubes. This conditioning

effect causes velocity trends of as much as 30 f/s with

consequent increase of velocity Oispersion. Both of these

effects, which are discussed and doom.vmted in the report

mentioned above(5) , should, in a tube hAving the engraving

deliyed for a few inches, behave in much the same manner

as they do in a wrn tube. These are decided advantages

to be expected from delaying the engraving.

The computations wuidertsken herein provide data from

v-ich the proposed rifling design mitt be modified. ?cr

example, the original proposal called for a smooth bore

travel (no engraving resaistanoe) for a distance of fiv in-

ches followed by a region five inches in length in which

the lands gradvally assumed full height, but did not spiral.

The proiressive twist began after an additional straight

travel of five itches. The results showi in Fig. 5 in-

dicate that a free run of less than that originally proposed,

perhaps one and one-half inches insatd of five inches,

should be adequate to move the region of egraving to a

position at vibch its effect on the mussle velocity is

small. If this ebange is aAopted, *e twist of the rifling

could be modified to reduce the maximum rotational accel-

eration imparted to the shell. This would extend the

usable life of the tube, in so far as failure caused by the

shearing of rotating badne is ooee•n•.

A ipreli•iray Investigation at the behavior of sueh

a rifling design oould be made by .odifyii* a 90ms tube

of the pregmt type ms as to approximate the proposed

design. The existing tbes have rifling of uniform twist;
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however, by mach~ininzg one of those tubes so me to move the

origin of rifling fwzwa~rd to provIde Us dosimr free rqmg

and then taperin tke width of VWlof to 4v* the effea
Of & Pvegre..1ve tWiat IW & ghft-" A MI Mj;Q-

deeigs Oauld be eppr=Un~tedt. AgS4sts am~ mw tw

Grouwk and tie emduot fIftug Uteat to Im~gi Vw

velocity behavior of va2'ious sp t&~tz a ~
mod ified "tob.
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Conclusions

The ma7nitude of the engraving resistance in a new
90mM, Ml, tube appears, from interior ballistic computa-
tions, to correspond to 7500 psi. This value is consistent
with the limited amount of experimental data available.
Resistance encountered after a fairly short travel, about
1-1/2" or one rotating band length, has only a small effect
on powder combuetinn and, hence, on velocity.

The resistance produced by the engraving of the forward
half of the rotating band has much more effect on velocity
than that produced by the rear half. For this reason, do-
sign, production and inspection of rotating bands for
artillery shells should give primary consideration to

minimization of dimensional variations on the forward half

of the band.

The variation of the velocity effects of differences
in powder quickness relative to tube erosion, as indicated

by the velocity of a reference complete round, are reason-

ably linear. The sam is true of variations of projectile
weight. This actually was only shown to hold for two widely
differing types of engraving resistance patterns but, since
these Amppear to represent opposirg extremes, te conclusion
seems valid. On the other han, Uhe effect of cartridge

case crimp ma shoen lo be remarkably affected by the on-
graving pattern eistzl•g in 1*e tube. Ukber one assumption
as to the form of the eagravif pattern, the effect of a
difference of crimp is distinctly exwualinear. &ngraving
resistance pattesne of the type assmed, in the above

instance, my result from cange of tube tomperaturo.

Therefore, the e/feet of cartridg ease orimp does not

BEST AVAILABLE COpy
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appear to be linear relative to the tube erosion, as in-
dicated by a reference round velocity level. This effect

is not indicated to be predictable, even in al,7ebraic sign,

from the reference velocity level except in very crn tubes.

Many benefits may be achieved by elimination of en-

graving resistance, or by causing it to occur after the

projectile has travelled a short distance. Among these are

(1) reduction of rate of loss of velocity caused by tube

erosion (2) reduction of dispersion of velocity witin

ammunition lots (3) elimination of differences of velocity

accountable to differences of rotating bond seating between

shell lots (4) elimination of tube conditioning effects

on velocity. and (5) elimination of the ohange in relative

velocity level which accompanies tube erosion in firing

rounds containing powrer rf differing quickmess. The

computations made in this report have provided The basis

for modifications to be made to a 90mm, NI tube in an

attempt to realize the above benefits.

Grateful acknoiwedgment is made of tbe aevice amd
suggestions of Dr. T. 1, Parker and Dr. Naroli Peeny of

the University of Delaware md of Dr. J. P. Vinti of the
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in the computation of the interior ballistic trajeotories.
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S8ramary of Computatior:'

A - •Zgra-,ing Resiatance

Designation Igraving ?reusur• Crimp KwaB1
Magnitude Region of Action kuaistance Velceity
p.s.i. (a)

k-I 0 To 2503

A-2 2500 Start only No 2r,96

A-3 0 to 1 No 2637

A-4 1 to 2 "No 2588

A-5 0 to 2 No 2639

A-6 5000 ntart only No 2613

A-7 0 to I No 2577

1-8a 0 to 2 To 2581

A-9 7500 start only No 2631

A- 0 otol/4 No 2690

i-Il 0 to 1/2 L 2700

A-12 0 to 1 No 2710

A-13 1A6 to 1-1/16 Io 2704

A-14 1/8 to 1-1/t No 2677

A-15 1/4 to I-I/4 ro 2W4¢

A-16 1/2 to iI-/v ro 2624

A-17 2I 5 2 2O5

(a) Region of Selti 1@ qbtwa in units of rotvatia

band wiatbt from start of We4ctI1e travel. T= I to 2

indioe'tes no eTgmvi" WO1& untiln &lfti om bm. wAfh

of travel a ngraving P-2008=8 cldvon In thy .gica

on* =4t "o band widthu of travel onlY.
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B-Orl mp

Desination hgraving Prgess= 0Ci-' E.zzo
I1tiag oe Rgion o Aotin bseistaiweo VT 1y

p.s.i. (a) (b) r/J

B-1 0 Ye. 263

B-2 2500 0 to I Yes 2652

B-; 5000 0 to 1 Yes 2 OM

B-4 7500 0 to 1 Yeas 2722

B-5 * 1/16 to 1-1/16 Yes 2G91

B-6 1/A to 1-1/3 Yes 2Y

B-7 1/4 to 1-1/4 Ye.a 2653

B-8 1/2 to 1-1/2 Yea 2638

B-9 1 to 2 Yes 2525

(b) Crimp roaistsawe was siumula iv a Wasalo ea

1500 p.s.i. (tabular) actin over a regic• e arpn:mtly

1/8* from the start of projectile travel.
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0 - Powder Quioarkae;

Dceignation h1praving Prese'w* b !a., "W V
Malpitude Nglon of Aetion Qvj&,aZ9Lsm

p. s.i. (a)

0-1 0 1.091 25C 4

0-2 2500 0 -o 1 1o091 2633

0-3 500 0 to 1 1.091 2 ?0

0-4 7500 0 tol1 1.091 2700o

C-5 0 0.939 2502

0-6 2 0 to 1 0o-V39 2QC

0-7 5000 o 1o 0.939 2 =0

-8 7500 0 to 1 0.939 2715

7500 1/4 to 1-i/4 J6091 2659

0-10 7500 IA/ to 1-I/4 0.939 268

D -Mahll We Lk

Desipation 1bgraing p"aw blati'v* ftss]A

D,3 0 o. 90 M

D34 7O to I,,)
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